The surface acoustic wave (SAW) measurement was carried out for the bolted specimen of aluminum alloy by synchronizing the ultrasonic pulsation with a fatigue cycle in the fatigue testing. The reflection from the crack increased in the loading stage of the fatigue cycle, reached maximum and then decreased in the unloading stage of the fatigue cycle. The sigmoidal intensity change of the reflection from the fatigue crack in a fatigue cycle occurred following opening/closing behavior of the crack, and the intensity took the maximum value when the crack was fully opened. The SAW intensity distribution between the crack and the bolt hole edge was also analyzed to evaluate the depth of the crack: the SAW intensity distribution after the crack root was subjected to the band-pass filtering to recognize the creeping wave (the longitudinal wave) reflected from the crack tip, and then the crack depth was estimated from the propagation time of the creeping wave from the crack root to the crack tip, which was in good agreement with the value measured in the cross section of the specimen and evaluated through the scanning acoustic analysis.
Introduction
Bolted joints are often used in large structures such as aircrafts and vehicles, and suffer repeated loading in usage to cause initiation and propagation of the fatigue crack. The authors have carried out the fatigue testing of the bolted specimen at the different stress amplitudes and fastening torques, and showed different failure modes depending upon the testing conditions, in which the crack in the bolted region was hidden due to overlapping of the plates. 1) These arouse the necessity of detection and sizing of the fatigue crack at the bolted joint for the safety of structures.
The nondestructive methods such as ultrasonic techniques: 14) have been developed for characterizing and detecting a surface crack for the last three decades. Various types of ultrasonic monitoring techniques in fatigue testing also have been developed to detect and evaluate the initiation and propagation behavior of the fatigue crack. 1, 410) The authors carried out the in-process ultrasonic measurement of a bolted specimen during the fatigue process by using the local immersion method with a water bag to detect the initiation and propagation of the fatigue crack. 8) These were carried out by pausing the fatigue tester, and it was unable to examine the change in the ultrasonic wave signal in a fatigue cycle. To overcome this difficulty, Min and Kato 11) and Rokhlin et al. 9, 10) carried out the real-time ultrasonic measurement during the fatigue testing of the specimen to obtain the change in the ultrasonic signals at any loading level in a fatigue cycle, but still remained limitations. The authors 12, 13) presented the other way of the ultrasonic monitoring technique, called as the synchronized ultrasonic measurement, in which the ultrasonic pulse signal is generated in synchronization with the loading cycle in the fatigue testing to obtain the data at any stress levels in a fatigue cycle, and they evaluated a crack length from the change in the SAW intensity reflected from the fatigue crack with the stress level in the fatigue cycle. 13) Ultrasonic evaluations of the depth of the surface crack also have been carried out to understand the crack growth by different researchers.
1417) Among them, Rayleigh waves are particularly suitable for detection and sizing of the surface crack. When the Rayleigh wave propagates on the surface and is incident at an edge of the surface, it suffers the mode change into the creeping wave, and the creeping wave can be transformed into the longitudinal wave to give signal from reflecting feature. 18) Masserey et al. 14, 15) used the time-offlight method with the Rayleigh wave to estimate the depth of the crack in steel, and showed that various modes of the ultrasonic wave is superimposed and scattered at the crack. Guan et al. 16) also estimated the depth of the slot by the laser generated surface acoustic wave. Rokhlin and Kim 9, 10) reported that there are different types of mode conversion of the surface acoustic wave at the root of the pit, and they estimated the depth of the pit by using the converted wave. These reports show the effectiveness of the mode conversion of the Rayleigh wave for evaluation of the crack depth.
In the present work, synchronized ultrasonic measurement of the surface acoustic wave (SAW) was carried out during fatigue testing of bolted aluminum alloy plates (A2024-T3), and the crack depth was estimated with the mode conversion of the SAW wave. The scanning acoustic microscopy and the sectioning of the specimen were also carried out in order to verify the depth of the crack.
Experimental Procedure

Preparation of specimens
The nominal composition of the material (A2024-T3) used in the present study was Al4.5 mass% Cu1.5 mass% Mg 0.6 mass% Mn, and T3 denotes treatments: solution heat treatment, cold working and natural aging. The specimens were fabricated by fastening two bolt-holed plates (6.03 mm in diameter) with a screw of chromium molybdenum steel (5.95 mm in diameter), stainless steel washers (1 mm in thickness, 6.6 mm in internal diameter, and 15.8 mm in outer diameter) and a nut with a tightening torque of 5 Nm, as shown in Fig. 1 . Nominal mechanical properties of the Al alloy are 330 MPa in yield strength (0.2% offset proof stress), 465 MPa in tensile strength, and 21% in elongation to fracture in the rolling direction. A distance of the bolt hole from the specimen edge was kept twice the diameter of the hole in order to prevent the tear out of the specimen from the hole edge. The bolt hole plate surfaces were already smooth (surface roughness about 0.10 µm), and no further surface polishing was required. 8) To reduce the secondary bending moment in the fatigue testing, aluminum alloy plates of 4 mm in thickness were adhered at the grip sides of the bolted specimens with glue.
Fatigue testing
The specimens were subjected to sinusoidal loadings under conditions: loading frequency of 10 Hz, a stress ratio of 0.05 (tension-tension mode) and a stress amplitude of 15 MPa. Under these conditions, the expected fatigue life was 1500 © 10 3 cycles, and the fretting fatigue crack initiated and propagated near the bolt hole edge. 1) In the testing, the stress amplitude was obtained from the load amplitude divided by a net area of the cross section of 176 mm 2 (the whole area of the cross section ¹ the area of the hole section).
Ultrasonic measurement
The ultrasonic measurement was carried out during fatigue testing with the local immersion method by using a water bag. 8, 13) A transducer generating a longitudinal wave of 20 MHz in frequency with a focal distance of 25.4 mm in water was used in the measurement. The longitudinal wave was irradiated to the specimen surface at an angle of 30°from the specimen normal to generate the SAW. Then, the SAW propagated on the specimen surface with a spreading angle of about 23°, reached the edge of the bolt hole, and then returned to the transducer, as shown in Fig. 2 . In the measurement, the transducer was encapsulated in the water bag made of latex rubber with a thickness of 69 µm, as shown in the figure. The propagation distance of the SAW on the specimen surface was kept 18 mm and the irradiation width at the bolt hole edge was estimated to be 7.5 mm. The expected SAW velocity was 3030 m·s ¹1 with a wavelength of 150 µm at 20 MHz, 1) and hence the depth of penetration was assumed to be 150220 µm. 4, 18) In Fig. 2 , the experimental setup for the synchronized SAW measurement carried out during the fatigue testing with the bolted specimen is also shown. The measurement system was composed of the transducer, the ultrasonic pulse generator, the function generator, the controller of the fatigue tester, and the oscilloscope. For the synchronized SAW measurement, a load signal from the controller of the fatigue tester was put into the function generator. In the function generator, the input load signal was delayed from a prescribed time and a pulse signal was generated at constant time intervals. The generated pulse signal was sent to the ultrasonic wave generator/receiver unit as an input external trigger, and then the transducer generated the ultrasonic wave signal in synchronization with the fatigue tester.
In this measurement, the delay time of the pulse generation from the instant of the input signal from the controller of the fatigue tester was referred as a delay angle, and the delay angle of 360°rotation was corresponding to one fatigue cycle applied to the specimen. The measurement time for one delay angle took around 400 cycles. This time consists of a time to change and set the delay angle, a time to collect the ultrasonic wave signal in the oscilloscope, and a time to transfer and save the data to/in the recorder. The data were collected at an interval of 20°delay angle in the synchronized SAW measurement, and it took around 8000 cycles to obtain data for one complete rotation of delay angle (i.e. 19 data). 
Depth Evaluation of Fretting Fatigue Crack Appearing at Bolt Joints of Aluminum Alloy Plates
For the evaluation of the crack depth, the SAW distributions obtained at different numbers of fatigue cycles were subjected to the following analysis. First, the wavelet analysis was carried out with Gabor function as the wavelet function to obtain the intensity distribution of the SAW in the frequency-time domain. Then, for the needful information from the depth of the crack tip, SAW distributions obtained were also subjected to the band pass filtering.
Acoustic and optical microscopy
After fatigue testing, the Scanning Acoustic Microscopy (SAM) was carried out to evaluate the depth of the fatigue crack by using a probe generating a longitudinal wave of 50 MHz in frequency with a focal distance of 12 mm in water. For detection of the crack, the ultrasonic wave was focused at different positions below the specimen surface, and then acoustic images were taken.
After acoustic microscopy, the specimens were sectioned normal to the crack front and the specimen surface, and then mirror polished in order to verify the depth of the crack.
Results and Discussion
Change in SAW distribution in fatigue process
In the previous work, 13) the SAW intensity distribution changed following the change in the stress level in the fatigue cycle. Figure 3 shows the SAW distributions measured at an early stage of the fatigue process, in which measurement, the number of fatigue cycles proceeded from 380,000 to 388,000 cycles. In the figure, echoes reflected from the specimen edge (E) and the hole edge (Bh) are observed. The position (Bh) of the echo intensity reflected from the bolt hole edge sinusoidally changed with the delay angle due to movement of the specimen following loading and unloading cycle, as was observed in the previous report. 13) From the fitted curve to the position of Bh, the change of the nominal stress (the stress averaged through the specimen cross section) in a fatigue cycle was evaluated, and showed a maximum at a delay angle of about 180 deg. Figure 4 shows the change in the SAW distributions obtained at the delay angle of 180 deg (i.e. maximum stress) with the number of fatigue cycles. As shown in the figures, from the early stage of the fatigue process, echoes reflected from the specimen edge (E) and the hole edge (Bh) were observed, and around N fc = 650,000, the reflection C reflected from the crack appeared ahead of the bolt hole edge. The position of the crack was estimated to be about 2.7 mm from the bolt hole edge by using a velocity of SAW of 3030 m·s
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. Then, the intensity of the reflection C increased with the increase in the number of fatigue cycles.
At N fc = 860,000 cycles, the specimen was taken out of the fatigue tester and unfastened to observe the fatigue crack. Then, a surface crack of 14 mm in length appeared at a position 2.8 mm ahead of the bolt hole edge, namely at the edge of fretted area, which will be shown in Fig. 14 (specimen A) . The measured crack position was in good agreement with the estimated position from the SAW distribution. 
Change in SAW intensities in a fatigue cycle
At different stages in a fatigue cycle, the cyclic changes in the SAW distribution with the delay angle were obtained at an interval of 20 deg as shown in Fig. 5 . In the measurement, the number of fatigue cycles proceeded from 776,500 to 784,000 cycles. From the SAW distributions obtained at different stages of the fatigue life in a fatigue cycle, changes in the peak (C i.e. reflection from the crack) intensity was obtained in the fretted area ahead of the bolt hole edge with the delay angle, and is shown in Fig. 6 . The solid line represents the stress curve estimated from the change in the position of the bolt hole edge in the fatigue cycle at early stage of the fatigue life from Fig. 3 . 13) At a middle stage of the fatigue process with a small fatigue crack (N fc = 521,000 to 529,000 cycles), the peak intensity increased with increasing delay angle, reached the maximum at around 180°and then decreased to the minimum. At large numbers of fatigue cycles, the peak intensity was saturated to form a terrace around the maximum stress. The width and intensity of the terrace gradually increased with increasing number of fatigue cycles, which might be due to expansion of the fatigue crack.
Just prior to taking out of the specimen, the terrace of the peak intensity spread over the range, but is concave upward at the maximum stresses. The spread over of the peak intensity might be due to full opening of the crack. Though the width of the SAW irradiation at the crack position was 6.5 mm, the peak intensity was independent of the delay angle when the crack length was 14 mm and more. This disagreement was also observed in other specimens subjected to the fatigue testing under the same test conditions, and it may suggests the partial opening/closing of the fatigue crack in the fatigue cycle.
The peak intensity was plotted against the calculated stress as shown in Fig. 7 . Arrows in the figure show the loading and unloading stages in the fatigue cycle. The gradient of the curve increased with increasing number of fatigue cycles, and the curves became saturated at the maximum stress to show a sigmoid profile. The change in the peak intensity with the stress level showed the same tendency as the previous work, 13) and it was thought to be related with the state of the crack opening: when the crack is fully opened, the SAW is reflected from a whole part of the crack side to give a higher value of the peak intensity, but when the crack is partly opened, only a part of the crack side contributes to the reflection to give a lower intensity of the reflection. And, when the crack is fully closed, the peak intensity is largely reduced, and it might be difficult to detect the crack.
The change of the peak intensity in the fatigue cycle is discussed following the model given by Elber. 19 ) He explained, based on the experiment that the fatigue crack can close even at a far field tensile load. When a cracked specimen is loaded in tension, it initially remains closed until the stress reached a certain value · s . Above this value, the crack begins to peel open gradually, and the length of an opened part is represented as an effective crack length L ceff in the present work. And, it fully opens at the stress · op or higher. Upon unloading, the first contact between crack faces occurs at the closure stress · cl . Below this value, the crack gradually closes, and a complete crack closure occurs at the stress · f . Suresh 20) had shown that the stress can be replaced by the stress intensity factor as shown in Fig. 8 .
Following this model, the change of the peak intensity in the fatigue cycle is schematically shown in the figure, assuming that the intensity of the reflection from the crack, i.e. the peak intensity, increases in proportion with the effective crack length L ceff . When the change of the peak intensity in the fatigue cycle is obtained at different numbers of fatigue cycles, namely for cracks of different lengths, a relation between the peak intensity and the stress intensity factor for different crack lengths should be plotted on a single curve as shown in Fig. 8 . Then, the peak intensities at different numbers of fatigue cycles in Fig. 7 were fitted to the peak intensity at the largest number of fatigue cycles by reducing the abscissa with the reduction ratio, as shown in Fig. 9 , and then, crack length was estimated. The estimated crack length in the present study shown by the cross symbol was plotted against the peak intensity at the maximum stress level in Fig. 10 , in which a relation between the estimated crack length and the peak intensity was in good agreement with the measured ones. This figure also shows a relation between the peak intensity and the crack length obtained in the previous study.
13 ) The open circle is the estimated crack length obtained in the previous study. 13) 3.3 Evaluation of crack depth from SAW intensity distribution In order to assess the crack depth, the SAW distributions obtained at different numbers of fatigue cycles as shown in Fig. 4 were subjected to the following analysis. First, the wavelet analysis was carried out to obtain the intensity distribution of the SAW in the frequency-time domain. In order to evaluate frequency range of the scattering wave only from the crack, the wavelet analysis was conducted in the range R as shown in Fig. 4 excluding the reflection from the bolt hole edge. The result obtained from the wavelet analysis is shown in Fig. 11 . In the figure, two ranges of the peak frequencies were observed around at 5 and 10 MHz. The intensity distribution of the 5 MHz frequency increased with increase in the number of fatigue cycles but the position was fixed, which was assumed from the crack root. The intensity distribution of the 10 MHz frequency range changed its position with increase in the number of fatigue cycles, and was assumed from the depth tip of the crack which was not clear at later stages of the fatigue life at N fc = 850,000.
In the present work, the signal from the crack root was 5 MHz and the signal from the crack tip was 10 MHz in frequency. This discrepancy might be due to interference or non linear propagation of the ultrasonic wave after scattering at the crack root.
Then, to remove the reflection from the crack root, a filtering with a band pass between 9 and 25 MHz was conducted, as shown in Fig. 12 . As shown in the figure, the depth of the crack was calculated from a distance between the reflection C from the crack (i.e. peak intensity position of crack as shown in Fig. 4 ) and the reflection D (i.e. peak intensity after crack root reflection C) from the crack tip. At the latest number of fatigue cycles (N fc = 860,000), a distance between the reflection C and the reflection D was evaluated to be about 2.55 mm by using a velocity of longitudinal wave of 6400 m·s ¹1 . A dotted line in Fig. 12 shows a change in the position of the crack tip with increasing number of fatigue cycles. Figure 13 shows the SAW distribution of the other specimen (Specimen B) without and with filtering as mentioned above. In this case, the reflection D was also observed ahead of the bolt hole edge reflection, and a distance between the reflection C and the reflection D was evaluated to be about 1.55 mm by using the velocity of the longitudinal wave of 6400 m·s
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. The reflection C2 in the figure was caused by the other crack beside the concerned crack, as will be shown in Fig. 14 (specimen B) . The intensity of the reflection C2 was very small compared to that of C, which may be because the second crack is considerably overlapped by the concerned crack to decrease the reflection from the second crack, and also the SAW intensity had a distribution around the propagation center; the intensity takes a maximum at the center, and decreases with deviating from the center. The reflection from the tip of the crack depth of C2 was not observed in this specimen. The evaluation of the crack depth from the SAW distributions were carried out by calculating the distance between crack root peak reflection C (without band pass filtering) and the peak of the reflection D obtained after a band pass filtering between 9 and 25 MHz as shown in Fig. 15 for various specimens. In few of the specimens, the peak reflections D after a band pass filtering between 9 and 25 MHz were not clearly observed and the result of the depth evaluation of those specimen was not included in Fig. 15 . 3.4 Validation of crack depth estimated from SAW distribution Typical acoustic images obtained by the Scanning Acoustic Microscope (SAM) at different depths are shown in Fig. 14. The specimen A had a fatigue crack of 14 mm in length, whereas the specimen B had two fatigue cracks of 8.5 and 7.0 mm in length. Bright segments ahead of the bolt hole edge represent cracks. The crack depth estimated from the acoustic image was 2.55 mm for the specimen A, and 1.45 and 2.1 mm for the specimen B, which were in good agreement with those observed on the cross section.
The crack depth estimated from the SAW measurement was compared with that obtained from the acoustic images (SAM), as shown in Fig. 15 . The crack depth estimated from the SAW distribution was in good agreement with that estimated from the SAM. After acoustic microscopy, the specimens A and B were sectioned and mirror polished to verify the crack depth. Measured crack depth is compared with those evaluated from the SAW measurements in Fig. 15 , which also shows a good agreement between the depths measured or estimated by different methods. 
Conclusion
The synchronized SAW measurement was carried out for the bolted specimen of aluminum alloy plates during fatigue testing. The intensity of the SAW reflected from the fatigue crack increased in the loading stage, reached the maximum and then decreased in the unloading stage of the fatigue cycle. The sigmoidal change in the intensity of the reflection from the fatigue crack was assumed due to opening/closing of the crack, and the intensity took a maximum when the crack was fully opened. The crack length was estimated at different numbers of fatigue cycles from the change of the peak intensity in the fatigue cycle following the model given by Elber, and showed a good agreement with the measured ones.
The SAW distribution was also analyzed to evaluate the depth of the crack: the band-pass filtering was conducted on the ultrasonic wave to detect the reflection from the crack tip, and then the distance between the crack root and the crack tip was estimated from the propagation time of the creeping wave. The depth of the crack estimated from the SAW measurement was in good agreement with those measured on the cross section and also estimated from SAM.
